A musculoskeletal model allows the analysis of the human gait and may aid the investigation of different strategies employed by the human body to perform this important task. This study presents a planar multibody model of the musculoskeletal system and an optimal control approach to obtain the time history of motion and muscle activation during the gait. Passive joint moments and muscle properties of the model are modified to represent potential changes caused by different diseases, such as diabetic neuropathy. The system adaptation is predicted on the basis of an optimal control framework and the results show many global adaptations as a response to local changes in the properties of the musculoskeletal system and evidences the great potential of this framework to predict patient adaptations to disease, assistive devices or surgical interventions.
Introduction
Simulation of the neuromusculoskeletal system using a dynamic model can help the analysis of some features of human movement. Different approaches may be used to investigate human movement, such as inverse dynamics or direct dynamics. The first one, requires the use of experimental data on kinematics and delivers the joint moments required to perform the observed movement. Direct dynamic, on the other hand, allows simulation of hypothetical movements in a optimization framework ( [1] and [2] ), which is called dynamic optimization. In this approach, the motion patterns are obtained as a solution to an optimal control problem that minimizes a cost function while satisfying a set of physical constraints.
To solve a dynamic optimization problem, some studies used data-tracking [3] . In this approach, the cost function includes a term that minimizes the difference between the model and experimental data [4] . Predictive simulations use an optimality criterion to solve these problems [5] . Because the resulting optimal control problem is computationally expensive [2] , many studies that use musculoskeletal models to study different tasks, such as running [6] , jumping [7] and walking [8] , include important model simplifications. A simulation capable of predicting muscle coordination and motion profiles during healthy and pathological human gait could be useful in different applications. It could, for instance, be used to investigate the effects of disorders that affect the gait, such as diabetic neuropathy [9] or to guide training programs of athletes [10] .
In this paper, we present an optimal control framework to predict adaptations of the human walking patterns as a response to changes in musculoskeletal properties. A 2D musculoskeletal model actuated by sixteen Hill-type muscle models is used to illustrate the application of the approach. First, a reference pattern is generated by minimization of a cost function composed of two terms, a tracking term to ensure a coherent movement and a muscle "effort" term to ensure minimization of muscle activations. Then, the passive moment of the ankle is increased and the maximal isometric force of some distal muscles is decreased before a new predictive simulation is performed to simulate the effects on walking of a disorder that affects the musculoskeletal system. These altered patterns are compared to the reference ones and the differences are discussed.
Methods

Musculoskeletal System and Dynamic Model
The equations of motion used in the neuromusculoskeletal system are derived from a forward dynamic approach. Only the lower limbs were modeled, and eight muscle groups (in each side) were included in the model and the history of the muscular activation are calculated for the movement. The simulation can be fully predictive, using criteria previously studied [5] or a tracking term may be added, using experimental data of the movement [11] , e.g. ground reaction force and joint kinematics. Moments in the joint can be passive [12] or active, produced by the muscles. The interaction between the model and the ground was also modeled [5] .
The musculoskeletal system model has seven rigid bodies, representing the HAT (head, arms and trunk), the thighs, the legs, and the feet (on the right and on the left side). The gait was analyzed in the sagittal plane, thus the multibody system, shown in Figure 1 , has nine degrees of freedom. Six joints j, which represent the hips, knees and ankles (right and left) were modeled as ideal hinged joints. The nine generalized coordinates, represented by the vector q, are the absolute horizontal (q 1 ) and vertical (q 2 ) displacements of the hip, the absolute orientation of the HAT (q 3 ) and the 6 relatives angular displacement of each joint (q j ). The vector of generalized velocities and accelerations are, respectively,q andq. The equations of motion of the model were derived by the author using the Newton-Euler formalism [13] as:
where M (q) is the mass matrix, k(q,q) is the Coriolis and centrifugal term and k e is the vector of generalized external forces and moments, which includes the gravitational forces, the ground reaction force and the net joint moments. The musculoskeletal model includes 16 muscle groups, modeled as Hill-type [14] , that apply the active joint moments (M a ). The force produced by the muscles accelerate all joints and segments, not only the ones to which they attach [15] . The eight muscle groups placed in each side were: iliopsoas, glutei, hamstrings, rectus femoris, vasti, gastrocnemius, soleus and tibialis anterior. These muscles are essential to the gait movement ( [16] , [17] and [1] ). The active moment at the joint may be calculated as follows:
where the matrix D j contains the moment arms of the muscles with respect to joint j and F m is the vector of muscle forces which, in turn, was modulated by the muscle activation, maximal isometric force F max , the force-length relationship f l and the force-velocity relationship f f as:
Each muscle was modeled using two elements, a contractile element (CE) and a series elastic element (SEE), similar to others studies [3] . The CE represents all muscle fibers and the SEE the tendon and other series elasticity in the muscle. As a simplification, the length of the SEE is fixed, representing a rigid tendon. Other studies used 3 elements ( [1] , [5] and [10] ), including the parallel elastic element (PEE) that represents the passive elastic tissue in parallel to the fibers. In this study, the effect of the PEE in all muscles was represented by net passive moments at the joints (M p ) [12] as:
where M p,j is the passive moment at joint j, c 1 to c 11 are the parameters described in [12] and q j , q dist and q prox are the angular displacement in the actual joint j, in the distal joint and in the proximal joint, respectively. Thus, the net joint moment in a joint was the sum of the passive and active forces as:
The muscle activations, in vector a, were controlled by the neural excitations, in vector u through the muscle activation dynamic [18] as:
where T a and T d are the time constants for activation and deactivation of the muscle. The anthropometric data, i.e., the mass, moments of inertia, lengths and positions of the center of mass of all segments, including the HAT, were calculated using equations previously described in the literature [19] . The muscle parameters, such as the optimal fiber and slack length, maximal isometric force and moment arm of the muscle were based on [18] .
The foot-ground interaction was modeled with two spring-damper element placed on the heel and on the toes of each foot sole. The contact model is similar to the one in [5] . The vertical component of the ground reaction force depends on the vertical coordinate and velocity of the point. The horizontal force depends on the ground penetration, on the horizontal velocity of the point and on the vertical component.
This model has 34 states, represented by the vector x as:
where nine states are the generalized coordinates q that describe the movement of the system, nine are their generalized velocitiesq, and the remaining 16 states are the activations a of all muscle groups in the model. The 16 controls are the 16 neural excitations u for each muscle group. The differential equations that describe the system dynamics (Eq. 1 and Eq. 6) can be grouped and written in the state space representation as:
Formulation of the Optimal Control Problem
The optimal control problem for walking was formulated as follows: search for optimal time histories of the states x and controls u that minimize a cost function (introduced further on), and satisfy the problem constraints, including the lower and upper bounds on the states, the constraints imposed by system dynamics, the periodicity constraint, and the bounds on the controls.
The bounds on the kinematics were set based on normative data in the literature and should not be active in the solution. The controls, represented by the normalized neural excitations, and the muscle activation state were bounded between 0 and 1, where 0 and 1 represents minimal and maximal neural excitation and activation state, respectively. Thus:
where the indexes L and U represent the lower and upper bounds, respectively. As the normal walking can be assumed as bilaterally symmetric, only one step was simulated and the patterns of left and right sides were mirrored to obtain a stride (complete walking cycle). In this framework, periodicity constraints are formulated so that the states on the left limbs and muscles in the beginning of the simulation must be equal to the states on the right in the end of the simulation and vice versa. The states related to the orientation of the HAT, the vertical position and velocity of the hip and the horizontal velocity of the hip were required to be identical at the start and beginning of the simulation. The final state corresponding to the horizontal coordinate of the hip must be equal to the distance traveled in the period. These are the constraints that guarantee periodicity of the walking movement as:
where the jr and jl are the joints on the right and left side, mr and ml represent the muscle in the right and left side, tf is the final time, and sp is the prescribed average speed. The cost function adopted in this study contains two terms as:
The first term in Eq. 23 consists of the integral of the muscle activation a to the power p = 3, and its function is to distribute muscle forces so as to minimize muscle activations. Depending on the exponent p of the activation, the problem tends to reduce the maximal muscle fatigue (for higher powers) or the effort [5] .
The second term in Eq. 23 is called a tracking term and has the function of ensuring a solution which does not diverge excessively from normative walking data. The tracking term contains the squared differences between the simulated ankle, knee and hip angles and ground reaction forces (q j and F r H,V ) and reference data (q Rj and F r RH,V ) reported in [11] as:
where W q and W F r are the weighting factors that normalize the terms based on the maximal standard deviation of the experimental data [11] . W a and W T r are weighting factors that set the relative importance between both terms. Increasing W a with respect to W T r will lead to lower muscle activation at the expense of larger deviations of normative data. On the opposite, increasing W T r with respect to W a will lead to more normal-looking patterns at the expense of larger muscle activations. After several simulation with different combinations of W a and W T r , we decided that a good compromise between keeping muscle activations low and ensuring reasonable walking patterns was achieved W a = 1 and W T r = 0.01.
In summary, the optimal control problem consists of searching for the time history of system states x(t) and neural excitations u(t) that minimize the cost function in Eq. 23 and satisfy the problem constraints in Eqs. 8 to 22.
To solve the resulting problem, we used the optimal control package PROPT (tomopt.com) which transforms the dynamic optimization problem into a large-scale nonlinear programming problem using direct collocation [20] . The large-scale sparse nonlinear programming solver called SNOPT (tomopt.com) was used to solve the resulting optimization problem. The direct collocation method is more robust and computationally efficient than the shooting method [20] , particularly to solve problems containing periodicity constraints such as the ones in Eqs. 15 to 22 [4] .
Simulations
Two simulations were performed to predict the adaptation caused by alterations in the passive joint moment and on distal muscle properties. Both simulations were performed for fixed final time of the gait tf = 0.65 s, which corresponds to the duration of half a gait cycle in [11] . The speed was also fixed at 1.1 m/s. The number of collocation points n = 60 was determined based on a mesh refinement analysis. The weighting factor for the tracking term W T r was 0.01 while the weighting factor of the activation term W a was 1.
The reference simulation is referred to as Normal and has all parameter values set to their nominal values. In the second simulation, referred to as Modified, the passive moments of the ankle joints and the maximal isometric force of some distal muscles were altered. In this simulation, the maximal isometric force F max of the triceps surae (gastrocnemius and soleus) and of the tibialis anterior were reduced by 30%, simulating muscle weakness of diabetic neuropathic patients ( [21] , [22] and [23] ). The passive moment M p at the ankle joint, in turn, was increased based on a research that studied the stiffening of joints [12] , by changing the parameter c 3 in Eq. 4.
Results
The cycle of walking begins (0%) with the right heel strike. The objective function value for the Normal condition was 0.0573, while for the Modified condition 0.0723. Figure 2 . The swing phase present less variation than the stance phase in all joints. Figure 4 shows the time history of muscle activations of all muscles (on the right side) along the gait cycle. Relevant differences can be observed in the distal muscles soleus and gastrocnemius, which suffered a delay in activation at the push-off phase of the gait in the Modified condition. The proximal muscle iliopsoas also presented a notable increase in activation, even though the alterations in musculoskeletal properties were performed in the distal joint only. The alterations imposed in the musculoskeletal properties of the ankle complex (stiffening of the joint and weakening of the muscles) lead to clear walking adaptations in terms of kinematics and muscle coordination. In terms of kinematics, the hip joint presented an in increased range of motion in the Modified condition compared to the reference condition and the ankle joint presented an increased dorsiflexion in the push-off phase.
In terms of muscle coordination, the activation of the distal muscles, soleus and gastrocnemius, suffered a delay in activation onset, which seems to be consistent with the stiffening of the ankle joint as part of the push-off flexion moment. Probably, this moment is provided by the passive joint moment in the Modified condition rather than by active muscle forces. In the same phase of the gait, it is interesting to note that the iliopsoas, a hip flexor muscle, is more activated in the Modified condition. This may indicate that the deficit in muscle force of the ankle plantar flexors is compensated by an increase in the activation of hip flexors (iliopsoas) to initiate the swing phase of the gait. This indicates that the human body adopts a different gait strategy in response to muscle deficiencies and changes in musculoskeletal properties.
The alteration made in the model may be useful to analyze the tendency of the strategy adopted by the neuromusculoskeletal system in case of a pathological gait. The diabetic neuropathy, for instance, may cause limited ankle motion and moments [24] . Joint stiffness is also reported as an effect of this disease [25] .
Many simplifications are imposed in order to reduce the complexity of the musculoskeletal system. As the movement simulation is planar, same features present in the human gait are not taken into account. Other limitation of this particular study was the fixed final time and speed of gait, which implies fixed stride lengths. A cycle of gait with different stride length would complicate this preliminary analysis, but is an important variable in pathological gait. Therefore, it should be considered in future studies.
